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(64) FERROMAGNETIC p-TYPE SINGLE CRYSTAL ZI NC OXIDE AND METHOD PUH 
PREPARATION THEREOF 



(57) Ttie present Invention provides a slngle-crystfll 
Zno thin film havln 9 a hloh (arromagnetk; transition tem- 
pBrature.lnone aspect olthe present Inventlon.theZnO 
thlnfllmcorivrUiesaterromagnetlcp-typeslngle^rystal 
zinc oxide Including a transition metal element consist- 
ing of Mn. and a p-type dopant. In another aspect of the 
present Invention, the thin film comprises e ferromag- 
netic p-type slnglo<rystal dnc oxide Including a transi- 



tion metal element consisting of Mn. a p-type dopant, 
and an n-type dopant. THa elngte^rystal zinc oxide .ma- 
terial can be applied to quantum computers and h^i- 
capacltymagnetlc-optlcal recording medium by combin- 
ing with conventional n-type or p-type transparent elec- 
trode ZnO materials or optical libers, and to powerful 
information-communication devices or quantum com- 
puters as a photoelectric material usable lor a wide 
range from visible light to ultraviolet light. 
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Description 
TECHNICAL FIELD 

manufacturing method thereof. 
BACKGROUND ART 

,0002] 2.- ox.de Is . rr^ria, having .MM* "t^n^CvCS* ^"^Sg 

Ehas been Known a method lor ^ZTlL^^^o^^oe^^ component* 
suttabte transparency and c^ari.on>n^ 

(Japanese Patent laid-Open Publ*atton No. ™06&*S*) * Jjwa i ^ rf ^ 

paTem zinc oxide material havmg en ^ 
adopbgrr^erietfJapanese^ent^ 

been Known aa a method forproducing a P^ 1 ^*™"^ HelM- 2 79192. 06-279193. etc.). However, for 
as a primary component (Japanese 

auch zinc ox.de materials. It has ^" "P°«« * ^JTlIn hevlnfl a high Jarromagnetlc-transiton temperature 
(00031 Achieving e slngle<rystal ZnO «hM.lm dc*ec *J »*" capable of transmitting larger amount 

Labis providing optica, Isolators or h.ghHfens.ty ™ ^^S^ required tor oncoming large- 
ot Information, and maKes It possible to fabricate e desirable c ^ te /^ ™ pens £ way to fabricate a light- 
scale Information transmission. ZnO atoohas a » "L ^ 0 f manufacturing technologies tor 

transmittable termmagnetlc material, which may t^tate the 

opUcel devices, such as a photon computer utl tolng I a '~^^^' n8ton temp erature by doping Mn Into ZnO. 

spin m Mn doped Into ZnO being a wide-gap semiconductor. 
DISCLOSURE OF INVENTION 

costal ZnO materiel Including Mn. which Is a transition metal lament acting a. a loading pari t to fl 8 " 8 ' 6 "^ 
mCittsm STp-type dopant (hole), wherein an n-type dopant Is further Included together with the p-type dopant. 
3aSefac^X StoW ZnO capehle o( providing significant* Incmaaed Knemnt bete to 

45 enhance a ferromagnetic Interaction between Mn Ions. A .»»ku 

[S7Thep-tyrid^ammaybeor«»ormorecom P onenta 

o^thoooTeaCoT CO. Kfl. NO, or NO3). The n-type dopant may be one or more components selected from e 
crcSSung of^AJ jS ^Zn. H, and any suitable oxide thereof (e.g. 6,03. AfcO* *A>*f* °r ZnC* 

Z] rSS. ild Mn Is Incorporated Into ZnO as a solid sokrtlon. Thus, the h**d« 
50 neterromagnetb p-type single^ta. ZnO material ol me presem Invention can be aet In the range 0 lite >99 moTV 

00 oTTr- fenomagnatic p-q^ sIngKxrystal ZnO material of the present Invention comprises a single cryaal ZnO 
havino a hoto conc3atJon , o/7 a 10" cnr* or more, and a tow resistance (1 a • cm or less). Increasing die hole 
SS^ma^doped-holeldner^ 

This provides further stabilized ferromagnetic state and Induces an enhanced ferromagnetic Interaction between Mn 

100111 The ferromagnetic p-type slngl^crystal ZnO material of the present Invention has a MmN^ 
crtlcal temperature of 150 K or more. When Mn Is doped Into ZnO, Mn substitute, tor stte. 0 Znhavhg a mdtaUU. 
ctose to that of Mn with Keeping a wurtzlte structure, or Zn* la substituted by Mn* Thus. Mn goes Into a hlgtvspln 



2 



10 



15 



20 



EP1 219731 A1 

6late havtog an electron spin S of 5/2. The lermrnagnetic .memo** be, 

and nolo concentmtton. This allow, tha ••""^I^^ 

paraiur.to tower ^rr^rftSS^^ 8 mB ^ .orrnanulacttnng the 
P013J According to atffl ,^^^^^0 mS> whlch'when an atomic gas from a eoUd-st*e 
aforementioned ferromagnetic ^^^^^Z^ M q a semiconductor substrata to grow a alntfe-crystal 
eourceofZnorZn oxide andane^atedo^ 

ffr^tala^rcoo^ 

causes significantly towered growth cause* degraded ctystaltzablllty and 

than 600'C leads to Intensive release of oxygen and rwreaseoowecu. slngle<rystal subst/ate 

lowered dop.ng effect. The subslrate may '^ 6 ^2^ aa that 

loaned with SIO. a sapphire ^"a'^^J"^!! rafoTzno' T^m la no significant dblerence between the above 
of ZnO and subetantlalty ihe same lattice constant as that o I zno. i new » » respective lattlco con- 

substrates. Further, a chromium oxide layer or Murium 'f^^^TrSZntty In crystal lattice, 
stents of the substrate end ihln film may be Interposed * e °^^°'T~^ slngleJystal ZnO material of the 
C00161 '"thememodformanufactu^ 

a^edTe^^^ 
JS„ in me above manufacturing methods 

be con.ro.fcd by adjusting Ihe Mr, ^^^^^^^Z concentraion and/or the 
Klas^^ 

J 1 , ™ H . . - ^t. aHoWB to be doped at a high concentration to tha extent of 1 0™ cm » to 1 0* 

-Sa^ 

the Itinerary hole, the ferromagnetic state of Mn can bo changed Into a ground state to achieve further stabilized fer 

40 SrSelieetmn sp.n S In Mn doped Into ZnO Is 5/2, and the exchange split (up to 3 eV) of Mn* JdS) Is lager 
Se o^tll (up to 0.8 evTmereof. which shows that a dee*** h.gh-spln state * * 

hoto mo such a system In a ferromagnetic state makes the doped-hole ItJnerant around Mn tona In a cu^hatf 
inverting any spin ^Thus. tha kinetic enenjy of the hole Is reduced, and oweby thefenomagnetlc state Is more stabilized 

" WW TZZZZZ* stale, it * reared to Averse the spin In under to make *°*^°*™£* 
Smayatol. In addmc^ototaof energy forlnvemr*^ 

wLneraitng the ferromagnedc stale based on the doped^n with the Mnerant doped-hote canprovide an effiderrt 

so state. 

BRIEF DESCRIPTION OF DRAWINGS 

[0023] Fig. 1 Is a schematic side view showing an apparatus for manufacturtng a Mn-doped ferromagnetic (Hype 

55 single-crystal ZnO material through the MBE process. ■ . . 

[0024) Fig 2 Is a graph showing the density In electronic states ol a ferromagnetic p-type ZnO material codoped 
with Mn as a transition metal element, Ga as a donor element, and N as an acceptor element. 
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BEST MODE FOR CARRYING OUT THE INVENTION 

rooasi A method tor . .erromagneoc p-«ype slngle^stalZnO thln m on a substmte trough «ha MBE 

5S. il£!» d«-b- *— •» - -mbod In *n« of the pr-«mt lotion. 

Embodiment 1 

peralures. 



substrate temperature 
CC) 


acceptor concentration 
(cnv 3 ) codoplng of Ga and 

, N 


Mn concentration (moI%) 


ferromagnetic transition 
temperature (K) 


350 
400 
450 
600 
750 


4x10« 
6x10* a 
6x10 t9 
8X1 0 20 
8x1 0 21 


5.2 
8.0 
12.4 
25.3 
34.5 


150 
2B9 
389 
520 
780 
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[0029] As can be seen from the dependence ot the ferromagnetic transition temperature ^orittte Mn corartm Uon. 
hT^orconcanUaaon. and the eubetmie temperature.^ 

SdeTSer ferromagnetic transftlon temperature (-K). Further, ft can be seen that the '^Son b^Sn 
tween Mn tons tends to increase depending on the hole concentration, and the ferromagnetic interaction between Mn 

sDins tends to Increase In response to the Increase of the Mn concentration. , . . ... 

K 2 Ss the deS in eiectronic states of a ferromagnetic p-type single-crystal ZnO mat^iai ttoped wfth 

K'ahS concentration. The exchange -P^l-^^"^^^^?^^^^^ 
crJsteWeld split Is about 0.8 eV. which shows that a hlghnspln state (S = 5/2) has been achieved. The local magnetic 
moment at Mn sites is 4.8 Bohr magneton (jig) per Mn atom. 

INDUSTRIAL APPLICABILITY 

100311 As described ebova. the present invention provides a novel ferromagnetic p-type single-crystal ZnO (zinc 
oxide) material Including Mn and a p-type dopant (hole). This material can be applied to quantum computers and high- 
Opacity megnette-optical recording medium by combining with conventional retype or p-type transparent electrode 
aornatenato or optical fibers, and to powerful Inf ormatton-eommunication devices or quantum computers as an op- 
toelectronic material usable for a wide range from visible light to ultraviolet light. 
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Claims 

a p-type dopant. 

2 . 

p-typo dopant and an n-type dopant. 

.1 ^*m* .in«i*^fv*tiil zinc oxide material as defined In claim 1 , in which 
3. Amathodtormtm^ activated oxygen are supplied onto a 

ZSf wfe Mn » « «*.» aMM. 
than that of the n-type dopant 



20 



25 



*0 



45 



50 



55 



EP1 219731 A1 



1: vacuum chamber 
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Fig. 1 
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Fig. 2 
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